In recent decades, there has been an increasing interest in the use of carbon fiber reinforced plastic (CFRP) in aerospace, renewable energy and other industries, due to its low weight and relatively good mechanical properties compared with traditional metals. However, due to the high cost of petroleum-based precursors and their associated processing costs, CF remains a specialty product and as such has been limited to use in high-end aerospace, sporting goods, automotive, and specialist industrial applications. The high cost of CF is a problem in various applications and the use of CFRP has been impeded by the high cost of CF in various applications. This paper presents an overview of research related to the fabrication of low cost CF using polyethylene (PE) control technology, and identifies areas requiring additional research and development. It critically reviews the results of cross-linked PE control technology studies, and the development of promising control technologies, including acid, peroxide, radiation and silane cross-linking methods.
Introduction
The carbon fiber (CF) industry has been growing continuously, with a focus on aerospace, military, and construction industries, as well as on medical, automobile, and sporting goods applications [1] [2] [3] [4] . As a consequence of the increasing use of CFs in wind power systems and in the specialist industrial applications sector, the demand in the coming five years is expected to establish CF in the mass market. However, due to the high cost of their petroleum-based precursors and associated processing costs, CF remains fairly expensive [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
The price of CFs is primarily driven by its manufacturing costs [20] . The total price of CF consists of 43% precursor costs, 46% processing costs, and 11% other costs. Consequently, in efforts to lower the price of CF, research has mainly focused on the development of affordable precursors and processes [21, 22] . Among all manufacturing processes, the manufacture of CFs is mainly based on polyacrylonitrile (PAN) [23] , pitch [24] , and rayon [25] based precursors.
Rayon-base precursors have proved to be inefficient, as the resulting fibers contain only about 20% carbon and have low strength and stiffness properties [26] . Although pitch-based CFs can be melt spun, the flow characteristics of mesophase pitch makes it extremely difficult to process. In addition, CFs derived from isotropic pitches have low tensile strengths, which do not meet the engineering requirements of the CF industry
Processing Methods

Radiation
When exposed to ionizing radiation, two structural changes occur in a polymer such as PE (Fig. 1) . The first is chain scission (C-C breakage) of the 'taut' tie molecules (Fig. 1a) . The second is a reaction of free radicals (produced by the breakage of the C-H bonds) with each other to form crosslinks between adjacent molecule chains (Fig. 1b) [55] .
2.1.1. Gamma irradiation Alvarez and Perez [56] researched the crystallization behavior of PE cross-linked by radiation in different atmospheres, under non-isothermal conditions, using differential scanning calorimetry (DSC). The crystallization rate, the crystallization temperature and the crystallinity degree decreased with the radiation dose in nitrogen atmosphere, and with decreasing oxygen content at the same dose. On the other hand, the activation energy increased with the radiation dose and decreased with the oxygen content. These results are related to the increase in the degree of cross-linking, which restricts the crystallization process.
The full model was also used to build continuous cooling transformation (CCT) diagrams. The curves representing the relative degree of crystallinity at 0.3 were plotted as a function of time. Each point on these curves was obtained by the integration of the full model (nucleation and growth) at a given cooling rate. So, when the degree of crystallization curve is intercepted by a constant cooling rate curve, the obtained point represents the time necessary to reach a specific relative degree of crystallization under specific thermal conditions. From Fig. 2 it can be observed that the time necessary to reach the relative crystallinity degree of 30% increased with the radiation dose, indicating the dose increase had a retarding effect. On the other hand, the diagrams of samples irradi- [27] [28] [29] .
Among the precursors for the production of CFs, PAN is the predominant material, due to the excellent mechanical properties of PAN-based CFs [7] . However, the high cost of PAN precursors, which make up 46% of the CF manufacturing cost, limits its utilization in general performance grade applications in automotive parts [16] .
To establish CFs in the mass market, the price of CF precursors has to be significantly reduced [10, 20, [23] [24] [25] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . The lowest priced CF precursors primarily consist of polyethylene (PE) [41] , lignin [33] , and cellulose [42] .
Cellulosic precursor fiber was first used by Thomas Edison in the 1880s as the basis for his revolutionary electric lamp filament [43] . Much later, in 1959, the National Carbon Company introduced a carbon cloth from a rayon precursor and 2 years later carbon yarn became available [26, 44] . In 1965, the Thornel range of CFs was announced, whose properties were improved by a post-carbonization treatment involving stretching at 2500°C. This fiber had a tensile strength of 1.25 GPa and a Young's modulus of 170 GPa [45] . However, due to the cost of the hot stretching process and disadvantages in the yield and mechanical properties of the cellulose precursor [46] the production of these fibers lasted little more than 10 years [8] . Much of the focus of current work is on designing microstructure through control of precursor morphology and processing conditions [42] . Lignin is one of the most abundant substances in nature and is present in all fibrous plants, and as a byproduct of the pulp and paper industry.
Because lignin is a readily available and comparatively inexpensive polyaromatic macromolecule, it may fulfill many of the requirements needed as a precursor to CFs. Using lignin as a renewable feedstock for fine chemicals and materials has the potential to generate significant environmental and economic benefits necessary for the viability of the main processes. In spite of these large advantages, lignin has not yet been effectively utilized, and this presents environmental problems. Unfortunately, today's standard method for recovering lignin from papermill streams is not suitable for producing a high volume of lignin with properties suitable for fast and economically viable wet-spinning and eventual conversion to CFs with the quality requirements that industry demands [47] . In contrast, PE can easily be used to produce fibers at low cost, and has been applied as an industrial fiber. Also, PE has a high carbonization ratio in the carbonization process, and it can be melt spun. Because of these advantages, PE is promising for the manufacture of a low-cost CF [41, 48] .
Among these materials, as a precursor for CF, PE has the ability to reduce the cost of manufacturing by more than 50% compared to PAN [49] . Textile-grade PEs have been considered good candidates for affordable precursors because of their low cost [50] . PEs (high density PE [HDPE] , low density PE [LDPE] , linear low density PE [LLDPE]) can usually be crosslinked by four different methods, that is, by energy radiation [51] , peroxide [52] , silane coupling agents [53] , and sulfonation [54] cross-linking.
In this paper, we review the various cross-linking methods used for manufacturing low priced CF from PE-based fibers. http://carbonlett.org be determined for different processing conditions, which can be very useful for the design and optimization of processing steps, and clearly show a retarding effect with increasing irradiation dose and with decreasing oxygen content (Fig. 2) . ated in different atmospheres at 222 kGy (Fig. 2) indicate that the retarding effect increased when the oxygen content decreased.
These diagrams allow the evolution of crystallinity degree to destruction of large crystals while the T c was also reduced due cross-linking, which prevented the macromolecular chains from crystallizing. Results from the Fourier transform infrared spectroscopy (FTIR) experimental technique strongly suggested that trans-vinylene double bond groups were formed, due to an increase in the intensity of the peak at 965 cm -1 , which may be due to the presence of cross-linking. There was also strong evidence for the formation of oxidative products on the surface of the samples, which could be related to the reactions of the allyl radicals with oxygen molecules present in the air when the samples were exposed to air during and after the irradiation process. Therefore, it may be concluded that there are significant modifications in the thermal and structural properties of LDPE after irradiation (Fig. 4) .
Using comparable irradiation doses, Khonakdar et al. [59] found that cross-linked LDPE samples which were more amorphous in nature, and which had highly active sites due to its branched structure, were more prone to cross-linking and hence had higher gel content as compared to cross-linked HDPE samples. The cross-link density and creep modulus calculated by rubber elasticity theory and hot set creep data, increased with increasing irradiation dose. As compared to HDPE, the LDPE had a higher cross-link density and consequently a lower M c value for any comparable irradiation dose, implying a higher network formation in the LDPE. The hot set measurement showed that the high concentration of cross-links (cross-link density) in the PE samples led to a longer resistance time and a lower elongation and a higher Cardoso et al. [57] studied the results obtained for melt strength tests, which demonstrated that gamma radiation on 0, 10, 15, 20 and 30 kGy foam samples, under ambient conditions, induced long chain branching, once carbonyl groups could not be detected via infrared analyses. The modified samples showed low values for gel fraction (≤2%), and rheological tests confirmed the existence of branching and cross-linking, from 5 kGy sample performance during melt strength evaluations. The low values obtained for crystallinity-29.4% to 32.0% -showed a strict relation with rheological measurements, based on values for loss modulus (G") and Storage Modulus (G'): G">G', indicating the predominance of viscous behavior for samples tested. Difficult experiments to accomplish Melt Index evaluations in >5 kGy samples confirmed this observation. Even with low gel content (<3%), the foam's processability could be maintained within a lower dose range modification: ≤15 kGy. Swelling experiments showed very low and similar results for 0, 10, 15 and 20 kGy foam samples, when immersed in xylene; the exception was the 30 kGy sample. By repeating the swelling test with xylene, immersions in hexane, toluene and cyclohexane were accomplished too, and the highest result with xylene was confirmed for the 30 kGy sample, indicating that the swelling test should not be considered a parameter for an effective evaluation for radiation doses lower than 30 kGy (Fig. 3) .
Electron beam irradiation
Murray et al. [58] confirmed that the progressive decrease in T m with irradiation could be related to the preferential http://carbonlett.org in DSC, the samples showed various levels of crystallinity, whose effect was clearly evidenced in the second heating cycle by a decrease in melting temperature. The confined crystallization behavior of XLPE in the molten state was related to the decrease in the M c . The length of chain segment motion needed for usual crystallization by the chain folding process was decreased, and hence the crystallization process was hindered (Fig. 5 ).
Ion beam irradiation
Turos et al. [60] reported that the deposition of high-energy density during ion beam bombardment caused irreversible creep modulus in the hot set creep conditions before failure. Investigation of the thermal properties of the irradiated crosslinked PEs (XLPEs) at solid state showed that the melting point, heat of fusion (H m ), and crystallinity (X c ) were not changed significantly by increasing the irradiation doses. This was attributed to the immobilization of the generated free radicals in the crystalline region, with hindered chain mobility. Wide-angle X-ray scattering (WAXS) analysis also revealed no changes in crystalline structure and crystallite size of the irradiated PEs with increasing irradiation dose. The temperature of crystallization (T c ) was reduced by increasing the irradiation dose. On cooling the molten samples ments. Upon continued irradiation, cross-linking proceeds and leads to the formation of a dense three dimensional network in the surface region. These structural transformations lead to higher molecular weight, and increased backbone structure rigidity. The improved mechanical integrity of such highly cross-linked surface regions is the reason for the increase in the friction coefficient and hardness of irradiated polymers. With an increasing ion dose, the exhaustion of cross-linkable sites occurs leading to the subsequent predominance of scission. These arguments explain the dose dependence of the HDPE tribological parameters shown in Fig. 6 .
Peroxide
The cross-linking of PE with peroxide is based on a free radical mechanism. The free radicals generated by the thermal dechanges in polymers [61] . Both cross-linking and scission occur simultaneously, but one of these two processes may prevail for a given polymer. Polymers having quaternary carbon atoms with large pendant groups were considered to be of the degrading type. In contrast, polymers with at least one hydrogen atom bound to each structural backbone carbon atom, such as PE, were of cross-linking type. Although structure plays an important role, it has been shown recently that the density of deposited energy may be a decisive factor as to whether scission or crosslinking occurs [62] .
Cross-linking can occur only when two dangling bonds are located in neighboring chains. Diminishing the distance between such chains will facilitate their interaction. Hence, the probability of cross-linking will be much higher in HDPE than in LDPE. At low ion doses, the resulting microstructure consists of a poorly cross-linked network with some scissioned frag- http://carbonlett.org composition of peroxides can attack the molten PE free chains, and cross-linking of the polymer chains may occur. A general scheme for the cross-linking reaction of PE initiated by free radicals is quite simple, consisting of the formation of macro radicals and their subsequent recombination [63] .
PE can be cross-linked by chemical initiators or by the use of a b, g or electron-beam irradiation sources. Within the literature on chemical methods, it is possible to find works where peroxides or silanes have been used for these purposes [64] [65] [66] [67] [68] [69] [70] .
Cross-linking of PE can be initiated by a peroxide which decomposes as an effect of the temperature, as shown in the scheme in Fig. 7 [71] . The use of peroxides seems to present several advantages in comparison with other methods. For example, radiation cross-linking only modifies the properties on the polymer surface and the use of silane requires a twostep process, the grafting of the silane to the PE molecule and the condensation of silane groups, where the presence of well developed spherulites to nonbanded axialites occured at approximately the same crosslink density for both materials A and B. Hence, the morphological structure was similar irrespective of the different crosslink mechanisms, at a certain crosslink density. This indicates that the type of crosslink does not influence the results at the crosslink densities studied. However, the size and perfection of the supermolecular structures differed between the two materials, with material B having smaller and less perfect structures than material A (Fig. 8) .
Research results obtained Marcilla et al. [71] revealed that the utilization of a catalyst enhances differences among samples with different degrees of cross-linking, in contrast to the case of samples decomposed in the absence of catalyst, where very slight differences could be observed. The changes undergone by cross-linking, even at very low gel content, were markedly reflected in the thermogravimetric behaviour. In this study, catalytic pyrolysis was proved to be an alternative technique to monitor cross-linking, which allows the comparison of samples with different degrees of cross-linking water (which has to diffuse through the polymer) is necessary [64, 69] .
Nilsson et al. [63] investigated a reference LDPE (material A) and a LDPE with increased vinyl content (material B). The two LDPE materials were cross-linked mainly using combination cross-linking (A) or via a combination of reacted vinyl groups and combination cross-linking (B), with a resulting difference in the cross-linked network. A comparison of the materials at a low crosslink density, i.e. ≥ca 4500 g/mol, where the difference in crosslink methods was most evident, there was no obvious distinction between the materials. Both materials showed a decrease in T m , T c , and X c after cross-linking with an increasing amount of peroxide, due to the restraining effect of the incorporated crosslinks. Some smaller disparities in T m and X c could be noticed between the materials, possibly due to the difference in crosslink structure. Mechanical testing, stepwise increasing strain test (SIST) and scanning electron microscopy (SEM) measurements supported the results obtained from the DSC studies. A change from fairly http://carbonlett.org cal milling using a pan-mill equipment is a good method to recycle XLPE by partial de-cross-linking. In order to investigate the effect of the milling process on the crystallization kinetics of XLPE, three different kinetic models, the Avrami, the Ozawa and the Mo, were applied to systematically study the non-isothermal crystallization kinetics of XLPE, de-XLPE and LDPE based on the DSC technique. All three models were found to describe the experimental data very well.
The parameters Z c and t 1/2 derived from the modified Avrami method suggested that de-XLPE had a faster crystallization rate than XLPE due to higher chain mobility, which resulted from partial de-cross-linking. K(T) from the Ozawa method revealed a tendency that fit well with the results of the Avrami method. In addition, the Ozawa method was found to be a satisfactory description of the non-isothermal crystallization process of LDPE, while its secondary crystallization was not obvious and could be neglected. From the Mo method, the value of F(T) of deby a quicker procedure than solvent extraction. Furthermore, this method is able to reflect molecular changes associated to cross-linking not observable by other techniques, as determined by gel content. This procedure could be of particular applicability in amorphous polymers, where changes associated with cross-linking cannot be monitored by calorimetric curves (Fig. 9) .
Yu et al. [72] studied the effect of chemical cross-linking on the thermal conductivity of HDPE in order to investigate the influence of chemical cross-linking on the thermal conductivity. The gel content, density, spherulite size, crystallite size and crystallinity were strongly affected by the content of the dicumyl peroxide (DCP) cross-linking agent. As the DCP content increased, the gel content increased while the density, spherulite size, crystallite size and crystallinity rapidly decreased. The thermal conductivity synchronously decreased with a decrease in the crystallinity (Fig. 10) .
Wu et al. [73] demonstrated that solid state mechanochemi- XLPE was found to be lower than that of XLPE, which also indicated that the de-cross-linking effect of mechanochemical milling could accelerate the overall crystallization process (Fig. 11 ).
Silane
Silane coupling agents are silicon-based organic chemicals that contain two types of substituent (inorganic and organic) in the same molecule [74, 75] .
Their typical general formula is (X) 3 Si-Y, where X represents a hydrolyzable group such as ethoxy or methoxy, Y is a functional organic group (amino, methoxy, acetoxy, epoxy, etc.) that reacts with water to form silanol (Si-OH). They include more than 90 percent of the plastic coupling agents market and are also used in the cross-linking of polyolefins and some other polymers [76] [77] [78] .
Since the silane groups are polar they provide compatibility in PE based blends, where the PE is non-polar in nature [79] . Vinyl alkoxy silanes (e.g., vinylmethyldimethoxysilane, vinyltriethoxysilane [VTES], vinyltrimethoxysilane) are suitable compounds for these kinds of reactions due to their double http://carbonlett.org form stable siloxane linkages (the crosslinks). Fig. 12 illustrates the reaction mechanism during peroxide induced melt grafting of vinyl silane onto PE, followed by the hydrolysis and condensation step during the silane crosslinking reaction [82] .
Oliveira and Costa [83] found that, after optimization of the cross-linked PE (PEX) process conditions by extrusion, the process speed did not significantly affect tensile mechanical properties such as modulus of elasticity and yield strength, although an increasing trend was observed for materials processed at temperature range B. This trend was greater when combined with 60 rpm speed, which made it possible to define the optimum PEX extrusion condition. Infrared analysis allowed the PEXs development to be confirmed, and the bonds and ability to promote rapid cross-linking. Vinyltrimethoxysilane is the most common silane used in the manufacturing of silane cross-linkable PE [80] .
Silane-grafting by water-cross-linking method consists of at least two stages that also proceed consecutively [81] . In the first stage, a proper silane (vinylalkoxysilane) is grafted via its vinyl groups on PE through a peroxide initiated free radical reaction; it should be noted that during the grafting reactions, new PE radicals are formed (Fig.  12) and the required amount of peroxide is relatively low. In the second stage, the resultant copolymer is crosslinked via exposure to hot water or steam with the aid of a catalyst. Moisture leads to hydrolysis of the alkoxy groups of silane and thereafter, these hydroxyl groups condense to (a) yield strength and Young's modulus as a function of processing conditions of HDPE, PEX -3% silane, and PEX -4% silane; (b) yield strength and Young's modulus as a function of processing conditions of HDPE; (c) FTIR spectra of HDPE and PEXs crosslinked with 3% and 4% silane; (d) DTG curves of HDPE and PEX with 3% and 4% silane; (e) X-ray diffractograms of samples of HDPE and PEX with 3% and 4% silane; (f ) gel content and solvent uptake factor values of the extraction carried out with trichloroethylene for crosslinked samples at crosslinking time of 90 min.
of HDPE indicated that the studied silane carriers (EVA, EB, and EO) could not improve the efficiency of grafting. The presence of bulky groups and steric side chains in the carrier molecules caused melt grafting difficulty. However, the silane carriers showed a positive influence on the water-crosslink reaction. The rate of cross-linking and density of the crosslink network increased with carrier addition. This was due to an increase in the amorphous region brought about by siloxane crosslinks present in their structures were observed in the spectra of HDPE cross-linked with 3% and 4% silane. Those crosslinks did not significantly change the crystallinity of the PEXs, as confirmed by X-ray diffraction analysis. However, they ensured an improvement in the cross-linked HDPE thermal stability and creep resistance when compared to non-cross-linked HDPE (Fig. 13) .
Sirisinha et al.'s [84] investigation of the silane grafting http://carbonlett.org cross-linking time and the content of the crystalline portion in the materials have an important effect on the degree and rate of cross-linking reaction. Comparing the three techniques investigated, it can be summarized that the measurement of gel content is a direct way to yield results on the degree of cross-linking. However, care must be taken when analyzing samples with low gel content by these techniques. Quantitative characterization of the FTIR data, especially a decrease in the absorption intensity of the methoxysilane groups, may not provide a direct cross-linking value, but the technique is non-destructive and presents meaningful information on the progress of the silane-water cross-linking reaction. The test is also less time consuming and needs no solvent, so is more environmentally friendly compared to the gel content determination and solvent upthe incorporation of the silane carrier, which facilitated the penetration of water during the curing step. Thermal analysis revealed a marked enhancement in the thermal properties of the HDPE after cross-linking. An increase in the temperature and activation energy of thermal decomposition as well as heat deflection temperature was observed. Moreover, an improvement in tensile yield stress and modulus also resulted from the silane cross-linking, along with a reduction in elongation at break (Fig. 14) . Sirisinha and Chimdist [85] also investigated silanewater cross-linked ethylene-octene copolymer (EOR) and EOR/LDPE blends for their degree of cross-linking. The characterization techniques used were the standard gel content determination method, the solvent uptake factor method, and FTIR analysis. The results showed that the for reactions performed in the presence of peroxide. Final torque did not change at all with the changing concentration of VTES, but after a few months' storage a significant gel fraction was observed, probably due to post-reactor combination reactions (Fig. 16). Ihata [86] demonstrated the cyclization formation of PE via the cross-linked reaction of sulfuric acid in 1988. The reaction mechanism of the sulfuric acid with PE is represented take factor methods (Fig. 15) .
Sulfuric system
Fabris et al. [70] found that VTES easily grafted to melted LDPE in the presence of peroxide, up to 86% of conversion. The degree of functionalization increased with VTES and peroxide concentration though no functionalization was observed in the absence of peroxide. The absolute degree of functionalization could be determined by simple infrared analysis after relating them to Rutherford backscattering spectrometry results, with a good correlation factor (r = 0:995). Torque measurements and molecular weight determinations indicated the occurrence of chain combination http://carbonlett.org Using density functional theory and transition state theory, the author determined the rate constants for the internal elimination and radical chain reaction mechanism for the pyrolysis of H 4 S.
Nonlinear Arrhenius plots were found for all bimolecular reactions. To report and interpret rate constants, we used the Kooij equation. For reactions with low activation barriers, nonlinearity was traced to conflicting trends between the exponential temperature dependence of the energetic term and the vibrational partition function of the transitional modes. For reactions with high activation energies, the exponential term was dominant, and the Arrhenius plot approached linearity. This work represents the first study of E i 5 elimination in alkane sulfonic acid derivatives. Two different reaction barriers were found (50 and 60 kcal/mol), depending on the placement of the HO-group in the sulfonic acid. R−CHSO 3 H rotation from the reactant to the transition state yielded a cis-alkene. The decomposition of the product, H 2 SO 3 , was aided catalytically by H 2 O, with a barrier of 16 kcal/mol. Following the radical abstraction of the α-H from H4S, first order decomposition of the radical intermediate yielded the trans-alkene and HOS 2 . At temperatures <440 K, the amount of H4S converted to the olefin was insignificant. At higher temperatures, HOS 2 underwent decomposition to H + SO 2 , which allowed for rapid α-H abstraction by H. Given the reported BDEs for the resulting olefin, we predicted that the increasing presence of unsaturated bonds during the course of pyrolysis will augment the amount of H, and below as Fig. 17 . In the reaction mechanism, the surface of te PE was sulfonated by reaction with gaseous SO 3 . It was confirmed that PE and SO 3 gave unsaturated sulfonic acids and that, as the reaction proceeded, the elimination of sulfurous acids took place to form sulfonic acids having highly conjugated C=C unsaturated bonds.
Younker et al. [87] sought to understand the pyrolysis pathways of sulfonated PE with the present Author, and studied the decomposition reactions of the model compound H 4 S. Fig. 17 . Reaction mechanism of sulfuric acid with low density polyethylene, introducing sulfuric groups and carbon-to-carbon double bonds [86] . different mechanisms. At temperatures >600 K, a concerted unimolecular reaction was present that produced a cis-alkene. At temperatures from 440 to 550 K, a radical reaction produced a trans-alkene. In this region, the maximum rates of change in % mass occurred from 440 to 480 K, depending on heating rate. At these temperatures, HOS 2 decomposed and H became the radical responsible for propagation of the will therefore increase the available amount of free radical to initiate the radical chain [87] [88] [89] [90] [91] [92] [93] [94] [95] .
Younker et al. [87] have used kMC, in conjunction with design for testing (DFT)/threshold testing (TST) determined rate constants, to simulate thermosgravimetric analysis (TGAs), which were used experimentally to follow pyrolysis. We found two regions in the TGA that were dominated by http://carbonlett.org elongation at break was extremely high, up to 3%. The carbon yield of the process was 72% to 75% (Fig. 19) .
Penning et al. [111] researched the pronounced effect of the diameter of LLDPE-based CFs on their strength and modulus, and these properties could be improved considerably by using thin precursor fibers. Thin LLDPE filaments were obtained by application of elevated spinline temperatures in the melt-spinning process, which led to an improvement of the maximum attainable draw-down ratio. Careful carbonization of these filaments gave 17 µm thick CFs with a tensile strength of 1.90 GPa and a modulus of 148 GPa. By additional hot-drawing of the melt-spun filaments, even thinner precursor fibers were obtained, that could be converted to 13 µm CFs, with a strength of 2. 16 GPa and a modulus of 130 GPa. It was necessary to anneal chain reactions. The maximum rates of change in the radical region of the TGA agree with what was observed experimentally (440-460 K). Low-scale pyrolysis of sulfonated PE utilizes temperatures <620 K, making the radical mechanism the dominant pathway in the production of carbonaceous unsaturated hydrocarbon that, subsequently, undergoes carbonization at very high temperature. Such carbonization studies will be conducted in future investigations, as shown in Fig.  18a and b [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] .
Postema et al.
[110] researched melt-spun LLDPE fibers which were made infusible by treatment with chlorosulphonic acid. The cross-linked fibers were pyrolyzed within 5 min at temperatures between 600°C and 1100°C under tension, in a nitrogen atmosphere. CFs prepared at 900°C, had a tensile strength of 1.15 GPa and a Young's modulus of 60 GPa. The high degree of carbonization. The cross-linking behaviors of the samples were clearly observed with increasing reaction temperatures in sulfuric acid from DSC results. From the TGA results, the residues of the samples increased gradually up to 150°C of reaction temperature, then were dramatically enhanced at 170°C. This result indicates that the cross-linking reaction of the LDPE in sulfuric acid can occur at low temperature, but high temperature (over 170°C) can radically accelerate the cross-linking reaction. The final residue of 'PE-S-170' was over 50%. In addition, the fibrous states of the samples were clearly observed to be carbonized fibers from the SEM results. From the results, LDPE can be a potentially advantageous material as a CF precursor (Fig. 22) .
Conclusion
This review study, besides focusing on details of PE-based the hot-drawn fibers in order to remove the residual stresses introduced by hot-drawing. Most likely, the diameter effect arises from the presence of a strong and stiff outer sheath, whose contribution to the mechanical properties is more dominant in thinner CFs (Fig. 20) .
Zhang and Sun [54] have shown that CFs can be manufactured from partially drawn PE and highly oriented PE precursors. Both precursor fibers could be stabilized by sulfonation and the stabilization time decreased to 45 min from 130°C to 170°C compared with highly oriented PE fibers. The stabilized fibers were carbonized at 1100°C for 2 min. Tensile properties of the CF, at this stage, were reasonably good with a tensile strength of 2 GPa and Young's modulus of 200 GPa. The elongation at break was less than 1%. These precursors are quite promising and, by controlling tension during stabilization, CFs with superior mechanical properties may be produced (Fig. 21) .
Kim et al. [48] have shown that LDPE could be used as a precursor and cross-linked by sulfuric acid to obtain a http://carbonlett.org linking density. The sulfonic acid cross-linked method resulted in XLPE with a high cross-linking density, but it lacked cross-linking uniformity and produced surface destruction. The sulfonic acid cross-linking method can achieve a high carbonization yield (over 50%) for the manufacture of CFs. When producing a CF using the sulfuric acid cross-linking method, hollowness and fractures were generated in the CF due to non-uniform cross-linking. The PE based CF production process required multiple cross-linked (a 1st low crosslinking density and a 2nd high cross-linking density) and precision in the cross-linking process. low cost CF, was also intended to introduce and investigate the different methods of preparing XLPE. The descriptions provided here of the available methods of XLPE, by sulfonic acid, peroxide, silane and radiation methods, demonstrate that all methods provide a common and efficient approach to XLPE.
The cross-linking behaviors of PE were clearly observed with increasing reaction time for all methods, based on thermal properties and gel content results. But, the silane, radiation, and DCP cross-linked methods were inappropriate as PE stabilization methods for CF, because of their low cross- 
